The Global Precipitation Measurement (GPM) Microwave Imager (GMI) Instrument was built and tested by Ball Aerospace and Technologies Corporation (Ball) under a contract with the GPM program at NASA Goddard. The design is a light-weight and compact scanning microwave radiometer with a stowable main reflector. Because calibration is a key consideration for GMI, the design includes multiple features to enhance calibration accuracy including a dual calibration system. The dual calibration system uses noise diodes in addition to hot and cold targets to provide on-board computation of nonlinearity and detection of transient errors in the hot and cold targets. The results of the ground calibration testing are presented. The noise diodes are key to reducing ground calibration errors. In this paper we describe the instrument and present the measured performance of the GMI instrument. We describe the key technologies developed for the GMI instrument. The measured performance is presented along with trend data through spacecraft level testing. The results of the instrument calibration are also summarized.
I. INTRODUCTION AND REQUIREMENTS OVERVIEW
The Global Precipitation Measurement (GPM) Mission is an international effort managed by the National Aeronautics and Space Administration (NASA) to improve climate, weather, and hydro-meteorological predictions through more accurate and more frequent precipitation measurements [1] . The GPM Microwave Imager (GMI) will fly on the Core GPM Spacecraft and will be used to make calibrated, radiometric measurements from space at multiple microwave frequencies and polarizations. The Core GPM Spacecraft will fly at 407 km in a circular 65 degree inclination orbit. The Core GPM Spacecraft will have two instruments, the GPM Microwave Imager (GMI) and the Dual-frequency Precipitation Radar (DPR). The DPR is a two-frequency precipitation measurement radar, which will operate in the Kuband and Ka-band of the microwave spectrum. The GMI contract was awarded in March, 2005 . The GMI critical design review was held in June, 2009. Instrument level acceptance testing was started in August, 2010 with delivery of the instrument in February of 2012. The GPM core spacecraft is scheduled for launch in February of 2014.
The GMI instrument is shown in Figure 1 . The design is a total power type passive radiometer with through-the-feed hot and cold calibration. The instrument is conically scanned with rotation about the vertical axis. The radiometer has channels at 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.64 GHz, 89 GHz, 166 GHz and 183.31 GHz. Tables 1 through 3 give the key performance requirements for each frequency. The mass allocation is 168 kg and the power allocation is 162 watts. The allocated launch envelope requires the antenna to be stowed on the side of the instrument for launch.
II. INSTRUMENT OVERVIEW

A. Overview Fig 1. GMI instrument
A detailed description of the GMI instrument design can be found in [3] . A brief overview of the instrument design is given in this section. The development of GMI required the development of key technologies and these are highlighted for each area of the instrument.
B. Antenna Subsystem
The GMI instrument has a 1.22 meter offset parabolic antenna. This size is required to meet the beamwidths and high beam efficiency from 90% to 95%. The main reflector is a composite epoxy structure coated with a Vapor Deposited Aluminum (VDA) coating. Due to the lightweight design of the graphite epoxy the mass of the reflector is less than 6 kg with a surface accuracy over the entire reflector surface of less than 2 mils. All the GMI frequencies use the single aperture and are located in a feed array at the focal point of the antenna. Use of a single aperture optimizes calibration uncertainty and provides consistency between the frequencies for ease in data processing. The main reflector is supplied by Applied Aerospace Structures Corporation.
Previous programs have experienced performance issues associated with the RF conductivity of the coated reflector at the higher frequencies. Ball worked with JDSU to develop a VDA coating which met the required optical and thermal properties while also maintaining good RF conductivity. During the development activity on GMI seven coating runs were completed to fine tune the coating recipe and demonstrate repeatability. These chamber runs produced samples which were extensively tested. The testing included thousands of thermal cycles without any degradation in the RF performance.
C. Reflector Deployment Assembly
The main reflector is stowed for launch. Once on orbit the main reflector is deployed and maintained in the final flight configuration by the Reflector Deployment Assembly (RDA) supplied by ATK Space Systems. In the deployed configuration the reflector deployment assembly is a statically determinate truss structure which provides excellent stiffness, deployment repeatability and pointing stability. The efficiency of the truss design allows the support members to have a small cross section which reduces scattering and supports the high beam efficiency of the antenna. The reflector has been deployed over 30 times during integration and test at both the instrument and spacecraft level. All the deployments have met the required positional repeatability of less than 0.020 inches and 0.020 degrees.
D. Calibration Loads
The primary calibration of the GMI instrument is provided through a hot load and cold sky reflector. The hot load is described in section 4. The size of the cold sky reflector has been maximized within the mechanical constraints to provide a high beam efficiency to cold space and is coated with the same VDA as the main reflector.
E. Receiver Subsystem
The receiver subsystem measures, digitizes, and outputs scene and calibration load brightness temperature for thirteen channels covering seven frequency bands. The receivers are direct-detect at 10, 18, and 23 GHz and use a superheterodyne approach at 36 GHz (single side band), and 89 thru 183 GHz (double side band). The receiver subsystem performs the A/D conversion of the measurements and provides digital telemetry to the Instrument Controller Assembly (ICA) with the measured counts for each sample period. The receiver subsystem is supplied by Exelis Corporation.
Due to the lack of qualified Gunn diode oscillators, the GMI program was required to develop a dielectric resonator based local oscillator for the high frequency bands. Exelis led this development and produced fully qualified flight units in less than 2 years.
The receiver subsystem has been through 15 operational thermal cycles during integration and test with the performance of the receivers monitored throughout the cycles. The receivers have shown excellent stability throughout these operating cycles.
F. Spin Mechanism Assembly
The Spin Mechanism Assembly (SMA) rotates the scanning portion of the instrument and transfers power and data between the rotating and non-rotating portions of the instrument. The spin mechanism assembly is based on the design of the WindSat Bearing and Power Transfer Assembly that was provided by Ball. The SMA includes a motor for driving the rotation, resolvers for position measurement, and a slip ring assembly for transfering power and data. A rotary transformer was added to the design for the resolver drive signal to minimize noise on this signal. The motor, resolver, rotary transformer are supplied by Axsys Corporation and the slip ring is supplied by MOOG. The structure and integration is done at Ball.
The primary life test for the SMA is the WindSat instrument which continues to operate with over 9 years of life. Ball has an ongoing slip ring life test with 7 years of operating time. For GMI two bearing life tests and a full slip ring life test are ongoing with nearly 2 years life on each of these tests.
G. Instrument Controller Assembly
The Instrument Controller Assembly (ICA), which is provide by Ball, is mounted on the stationary portion of the instrument and provides the electrical interface to the spacecraft. The primary commanding and telemetry interface is a MIL-STD-1553-B data bus. The ICA provides commanding to all the other GMI components and receives and packatizes science and housekeeping telemetry. The ICA also provides the power bus and analog telemetry interfaces to the spacecraft.
H. Instrument Structure
The instrument support structure provides a mounting platform for the entire instrument. The spin mechanism assembly mounts to the top of this platform and the ICA mounts to the bottom of this platform. In the stowed configuration the main reflector and reflector deployment assembly are mounted to the instrument support structure.
The instrument support structure also provides the mounting interface to the spacecraft. This simple mounting configuration allows for a straightforward mechanical interface to the spacecraft that provides mechanical and thermal isolation. This is done through flexures which mount between the instrument support structure and the spacecraft.
The instrument bay structure provides mounting of the rotating RF electronics boxes. The reflector depolyment assembly mounts to the top of this structure and the feedhorns are mounted inside this structure. This structure maintains critical alignments of the RF components.
The instrument support structure and the instrument bay structure are supplied by Applied Aerospace Structures Corporation.
III. MEASURED PERFORMANCE
The performance of the GMI instrument was determined during instrument level testing. The performance against key requirements is shown in Tables 1, 2 and 3. The GMI performance meets or exceeds all performance requirements. In the key requirements of NEDT and calibration accuracy the GMI has significant margin to the required performance. The instrument mass is 166 kg compared to a required value of 168 kg. The operational power is 140 watts compared to a requirement of 162 watts.
A number of Technical Performance Metrics have been trended through subsystem, instrument and spacecraft level performance. Two examples, NEDT at 36 GHz and deployment repeatibility, are shown in Figures 2 and 3 .
The NEDT at 36 GHz trend data shows the consistent performance measured over testing at the instrument and spacecraft level. The measured level has significant margin to the required value of 0.65 K. The deployment repeatibility shows the excellent repeatibility of less than 0.020 inches and 0.020 degrees over all deployments and shows the consistent performance trend over testing at the instrument and spacecraft level.
IV. Calibration
Calibration testing on GMI was completed at the end of thermal vacuum testing in December 2011. Key results from the calibration activity are found in [4] .
The GMI is designed with features to mitigate problems that have plagued past conically scanning microwave radiometers. A recurring problem for past microwave radiometers has been solar loads causing temperature gradients on the hot load. The GMI hot load has been designed to limit thermal loads from direct and reflected solar through the use of a shroud around the hot load and a rotating annular ring beneath the hot load with a high reflectivity and a known measured temperature. In addition, the GMI design incorporates noise diodes into the 10.65, 18.7, 23.8, and 36.64 GHz RF chains as a secondary calibration source. The additional calibration points afford identification of transient instabilities in the cold or hot views and direct computation of the nonlinearity on orbit [2] .
As described in [4] , the ground calibration of the instrument uses three black body calibration targets to provide hot, scene and cold reference points. These calibrations are done in the thermal vacuum chamber at discrete instrument temperature plateaus. Accurate calibration requires that the brightness tempertures of each of these calibration targets be known at each operating frequency of GMI. Testing by Ball has demonstrated inherent biases and non-linearities in the performance of these targets. Understanding and removing these error terms is critical to accurately calibrating GMI.
Due to imperfect conduction between the calibration target, their thermal control system, and the environment, all the calibration targets exhibited gradients across the target. The targets each have at least 7 PRTs located within different pyramids across the face of the targets that are used to remove horizontal gradients. Detailed thermal modeling has been developed to understand the vertical temperture gradients found on the surface of the calibration targets. This modeling was validated through testing using infrared camera and a microwave target simultaneously viewing the black body target while being illuminated externally by an IR lamp. Using this modeling the error caused by the temperature gradients has been greatly reduced in the GMI calibration. Testing was also completed to characterize and remove VSWR effects across the surface of the calibration targets.
One especially challenging error term is the contribution of nonlinear brightness temperature compared to physical temperture of the variable temperature target. As the variable target is transitioned up in temperature, the gradient driven into the target varies nonlinearly. This gradient-induced nonlinearity in the target brightness temperature directly creates errors in the GMI calibration unless properly accounted for and removed in the analysis. For GMI, the noise sources in the 10.65 through 37.64 GHz channels provide an independent set of measurements that allow this error term to be determined and removed.
The thermal vacuum calibration test afforded a look into the absolute calibration error of the radiometer through the feeds. The error for each channel between the brightness temperature derived from the GMI viewing the variable target, and the brightness temperature of the variable target is shown in Figure 4 .
Fig 4.
Error in brightness temperature between the GMI and the variable target during the GMI calibration test
V. STATUS
The GMI instrument is currently integrated with the GPM spacecraft and is undergoing environmental testing at GSFC. Functional, thermal vacuum testing, and EMC/EMI testing have all been completed at the time of the writing of this paper. Vibration testing is scheduled for Summer 2013. The launch date for the GPM program is February 2014.
VI. CONCLUSIONS
The GMI instrument was delivered in February 2012 and meets all performance requirements. The trend data shows consistent performance through all levels of testing. The instrument has successfully completed functional, thermal vacuum and EMC/EMI testing at the spacecraft level.
